Introduction
Of all body parts, the head is the most vulnerable and is often involved in life-threatening injury ͓1͔. To predict the mechanical response of the contents of the head during impact, finite element ͑FE͒ models are employed. They contain a detailed geometrical description of anatomical components but lack accurate descriptions of the mechanical behavior of the brain tissue. The importance of an accurate description of the constitutive response of brain tissue in numerical head models has been shown by Brands et al. ͓2͔ . Since the early 1960s, researchers have been studying the material properties of brain tissue using a variety of testing techniques. The reported mechanical properties, such as the storage modulus ͑GЈ͒ and loss modulus ͑GЉ͒, describing linear viscoelastic behavior are orders of magnitude different, see Fig. 1 . This may be caused by the broad range of testing methods and protocols used, which makes a comparison of results difficult. Several authors have presented an overview of available literature on the constitutive properties of brain tissue ͓3-6͔. An overview of the methods and the conditions of materials tested in previous studies is given in Table 1 . The studies were divided into groups depending on the type of experiment and are summarized in Tables 6 and 7 in the Appendix. In addition to these studies, some investigators have used techniques such as magnetic resonance elastography ͓7-11͔ and ultrasound ͓12-16͔; however, these are not included in the tables.
Animal brains are often used as a substitute for human brains. The main reasons are that animal brains are easily available and that the postmortem time can be minimized. Human brains have been obtained from autopsies or lobotomies on epileptic patients.
In the study of Prange and Margulies ͓17͔, human and porcine brain samples subjected to shear stress relaxation tests were compared. The human samples were on average 29% stiffer than the porcine samples. Takhounts et al. ͓18͔ found human brain tissue samples to be 40% stiffer than bovine samples in stress relaxation experiments. This conclusion was obtained from the linear stress relaxation function. In contrast, Nicolle et al. ͓19,20͔ concluded from dynamic frequency sweep tests that the storage modulus of porcine brain tissue was 17% higher than that of human brain tissue, whereas the loss modulus was similar in both materials. The differences between human and animal brains are often considered relatively small, which enables animal brains to be a good subtitute for human brains.
Some parts of the brain may show anisotropic behavior because of the underlying microstructure. Whereas gray tissue was found to be nearly isotropic, white matter was found to be anisotropic with different degrees of anisotropy ͓17͔. Based on its highly organized structure, the most anisotropic region is expected to be the corpus callosum ͑white matter͒. Arbogast et al. ͓21,22͔ tested the anisotropy of the brainstem in 2.5% strain dynamic frequency sweep experiments in three different orientations based on the fiber direction. The differences for dynamic moduli were found to be up to 30%. Prange et al. ͓17, 23͔ identified the anisotropy of brain tissue at large strains ͑up to 50%͒ shear experiments on white and gray matter samples. White matter behavior was more anisotropic ͑31-48% difference͒, while the gray matter was nearly isotropic ͑12% difference͒. By studying interregional differences, gray matter from the thalamus was found to be approximately 40% and 12.5% stiffer than white matter from the corpus callosum and the corona radiata, respectively. Nicolle et al. ͓19,20͔ investigated anisotropy within the corona radiata ͑white matter͒. However, their observations did not allow any conclusion on the anisotropy.
Besides differences in the material tested, the test conditions also give rise to differences in the results. The method used to attach the sample to the plates of a setup for shear deformation can also have a role in the variation in results. Some authors ͓18-20,24-26͔ have used glue to attach samples to the plates, whereas others ͓17,21-23,27-39͔ have used a roughened surface ͑glass or sandpaper͒ to avoid slip. Arbogast et al. ͓21͔ and Brands et al. ͓31͔ have found no difference in results when either sandpaper or glue was used to fix the sample to the plates. On the other hand, Nicolle et al. ͓19,20͔ have found the dynamic modulus to be dependent on the sample thickness when the samples were not fixed, whereas no variation was achieved when samples were glued to the plates. A drawback of using the adhesive is the unknown adhesive thickness. However, when a roughened surface is used, the sample must be uniaxially loaded prior to the shear test, which may affect the results of the shear measurements.
The tissue and also its mechanical properties may degenerate with increasing postmortem time due to the various reasons ͑e.g., autolytic processes, completion of rigor mortis, osmotic swelling͒. This degeneration effect may be temperature dependent in that the rate of degeneration possibly decreases with decreasing temperatures. Some authors ͓18-20,24-26,40 Pa/ h to be after 6 h postmortem. All of these aspects can have an effect on the mechanical properties measured and a combination of these and other aspects has led to a large variation of results reported in literature. In this study, the effect of different test conditions on the mechanical response of brain tissue is examined. Specifically, the effect of different temperatures and the effect of precompression on linear and large strain results are examined. Also, differences caused by anisotropy are investigated for samples from the corona radiata in the sagittal, the coronal, and the transverse plane. As opposed to previous studies, here the variation of mechanical properties for a full range of orientations ͑0 deg-360 deg͒ for shearing within certain planes of individual samples is studied. For this study, a new modification was made to the eccentric rheometric methodology. Each of these topics is investigated in otherwise comparable conditions.
Methods
Brain halves were obtained from six month old pigs in a local slaughterhouse. To slow down their degradation and dehydration, they were transported in a solution of phosphate buffered saline ͑PBS͒ in a box filled with ice. Samples were prepared from tissue located in the corona radiata region within 3 hours after sacrifice. The postmortem time was minimized to reduce sample degradation as found in a previous study ͓34͔. Using a vibrating-blade microtome ͑Leica VT 1000S͒, approximately 2 mm thick slices were cut parallel to the plane of testing chosen. From these slices, samples with a diameter of 8 -12 mm were cut out by a cork bore. Until the start of the tests, the samples were preserved in PBS at 4°C. The testing conditions for each topic of this study are summarized in Table 2 .
A rotational rheometer ͑ARES II, Advanced Rheometric Expansion System͒ with a 10GM FRT transducer was used to test the samples in shear. An eccentric test configuration was used ͓44͔ to improve the signal to noise ratio. In this configuration, the measured torque is increased and an approximately homogeneous shear field is obtained. Sandpaper was attached to the top and the bottom plate to prevent slipping of the samples. The height of the samples was estimated by lowering the top plate with constant velocity ͑Ϸ0.008 mm s −1 ͒ until touching the top of the sample and measuring a maximum axial force of 5 mN. During testing, a moist chamber was used to prevent dehydration of the sample and the temperature was controlled by a Peltier heat pump. Because of the heterogeneity of brain tissue, samples of small dimensions were used. Care was taken to test all samples in the same orientation ͑the shear direction corresponding to the anterior-posterior direction͒ to minimize any possible effect of anisotropy of the material on the properties measured, except for the study of anisotropy, which is discussed further on.
Samples were tested in shear deformation in dynamic frequency sweep ͑DFS͒ tests and subsequently in stress relaxation ͑SR͒ tests. It is important to notice that no preconditioning of samples was made prior to testing. However, all experiments started with a DFS test. In these tests, the properties of brain tissue in the linear viscoelastic regime ͑which for brain tissue is limited to 1% strain ͓19,30͔͒ were measured after a steady state was obtained. The tests consisted of a sinusoidal shear strain of 1% imposed on the sample, with a range of frequencies from 1 Hz to 10 Hz. For each frequency, the storage modulus GЈ and the loss modulus GЉ were determined. Subsequently, the same sample was subjected to a SR test, which consisted of a ramp-and-hold test to a strain of 10%. The strain rate during the loading phase was 1 s −1 and the strain ␥ was held for 10 s during which the stress was recorded from which the relaxation modulus G͑t͒ = ͑t͒ / ␥ was obtained. Afterwards, the strain was released with the same constant strain rate as in the loading phase. Then, the sample was left to recover for a period of at least 100 s during which the tissue response was recorded as well. This testing protocol was used to assess the effect of different experimental aspects. Therefore, for each aspect, certain conditions were varied, which will be discussed in subsequent sections.
Effect of Temperature.
Although the effect of temperature is an important issue, only few studies have been published in the literature ͓31,39,41͔. Therefore, the purpose of this study is to determine the effect of temperature on the mechanical properties measured for brain tissue. Particularly important is the difference between the room temperature ͑approximately 23°C͒ and the body temperature ͑approximately 37°C͒, to be able to scale results obtained at those different conditions. In addition, the results can be used to extend the frequency/time range of measured data by applying time-temperature superposition.
Three samples from the posterior side of the corona radiata were measured at 37°C, 30°C, 23°C, 15°C, and 7°C. DFS tests and SR tests were conducted to obtain data in the linear and large strain regimes, respectively. To characterize the temperature dependence of brain tissue, time-temperature superposition ͑TTS͒ was applied. This method was previously used for brain tissue by Peters et al. ͓41͔, Brands et al. ͓31͔ , and recently by Shen et al. ͓39͔. For different temperatures, sets of isothermal characteristics were obtained within an equal frequency/time range. These characteristics were shifted along the frequency/time axis, to form a master curve. In the current study, the reference temperature T 0 was chosen to be 37°C. The horizontal shift depends only on the difference between the reference temperature and the temperature of the shifted characteristic and can be described by the horizontal shift factor a T ͑T , T 0 ͒ ͓45͔. Besides the horizontal shift factor, also a vertical shift, characterized by the shift factor b T ͑T , T 0 ͒, has to be applied. First, the horizontal shift factor a T is determined from phase angle ␦, only, to satisfy ␦͑,T͒ = ␦͑a T ,T 0 ͒ ͑1͒ After applying this shift to the dynamic modulus G*, the vertical shift factor b T is determined to satisfy 
In the case of the SR experiments, the shift factors are determined to satisfy
Differences Caused by Anisotropy.
Samples from the corona radiata were tested in three planes ͑sagittal, coronal, transverse͒ in shear. The corona radiata region was chosen, because of easy sample preparation and the expected amount of anisotropy due to its structural organization. In the sagittal plane, five samples were tested, whereas in the coronal and the transverse plane, four samples each were tested. To facilitate a change of the sample orientation during the measurement, the bottom plate of the rotational rheometer was extended with an additional rotating disk, which was placed eccentrically, see Fig. 2 . The sample was placed in the center of this eccentric disk, which can be rotated by an angle , changing the orientation of the sample with respect to the shear direction. After each sequence of shear tests, the top plate was detached from the sample and the eccentric disk was rotated to a new orientation and subsequently fixed. Then, the top plate was lowered to the original height and a new sequence of shear tests was conducted. The order of orientation angles was randomly chosen so that eventually the range of 0 -360 deg was covered by 30 deg increments. The first and last sequences of tests corresponded both with the zero degree orientation to observe any changes caused by postmortem time. The whole set of shear measurements took up to 1 h. The random way of varying orientations was chosen to enable a separation of the time dependent changes from the measured orientation dependent properties. For this purpose, it was assumed that G͑t , ͒ = C t ͑t͒G ͑͒. A linear function C t ͑t͒ = ͑At + 1͒ was fitted to the data by a least-squares error method assuming G to be constant. Subsequently, the data were corrected for a possible postmortem time dependence according to G ͑͒ = G͑t , ͒ / ͑At + 1͒. Therefore, only data depending on the rotation angle are presented.
Effect of Compression Prior to Shear Measurements.
It is hypothesised that the compression force, which has to be imposed to the sample prior to shear tests, affects the measured mechanical properties obtained for the material. To the authors' knowledge, this effect was not studied in a systematical way before. To support the hypothesis, shear measurements were conducted on three samples with varying amounts of compression for each sample.
The height of each sample h 0 was estimated during an initial constant strain rate compression test ͑ḣ / h 0 Ϸ 0.05 s −1 ͒, starting without the top plate touching the sample. Before any compression started, the sample was loaded in tension due to its spontaneous adhesion to the top plate caused by a thin fluid layer. Therefore, the height of each sample h 0 was defined as the height where the normal force F N was equal to zero. Due to the viscoelastic behavior of the material, this estimated sample height can be compression rate dependent. After each sequence of shear tests, the 
031003-4 / Vol. 130, JUNE 2008
Transactions of the ASME distance between the plates was decreased stepwise, causing the normal force F N to increase. For each height, a DFS test and a SR test were performed as described in the Sec. 2.
Results

Effect of Temperature.
The mean dynamic modulus and the mean phase angle obtained for three samples of brain tissue at 23°C and 37°C are shown in Fig. 3 . The maximum standard deviations are 30% for both quantities.
The measured results were found to be clearly temperature dependent with a horizontal shift factor a T between 23°C and 37°C of up to 11, whereas the vertical shift factor b T was close to one. The results for DFS tests and for SR tests at different temperatures in the range of 7 -37°C are given for an individual sample in Fig.  4 . These data have been used to obtain master curves for an extended range of frequencies and relaxation times, which are given in Fig. 4 as well. For both tests, it is visible that stiffening of the sample response is obtained with decreasing temperature.
Differences Caused by Anisotropy.
Anisotropy of brain tissue samples from the corona radiata was examined in the sagittal, the coronal, and the transverse plane by the DFS and SR tests. Moreover, the results are also compared among these planes. The variation caused by anisotropy for shear tests in different directions within the plane of testing was highest in the sagittal plane, whereas the smallest variation was found to be in the coronal plane, except for the relaxed response, see Table 3 .
By comparing the SR results, it can be observed that the amount of anisotropy increases with strain, which is also observed by comparing SR ͑large strain͒ with DFS ͑small strain͒ results. In Fig. 5͑a͒ , the results from a DFS test are given in a polar plot for one individual sample, whereas in Fig. 5͑b͒ , the results from a SR test on the same sample are shown. In most cases, the shape of the measured stress response in a polar plot was elliptical. Only in some cases, the polar plot had the shape of an equilateral triangle. Whereas the directions corresponding to the maximum and minimum sample responses were consistent among measurements on individual samples, they varied between samples.
The variation caused by anisotropy between the planes are presented in Fig. 6 where the error bars represent the average differences between the maximum and minimum found within the plane of testing. Whereas the results measured in the coronal and the transverse plane were statistically indistinguishable, they were 1.3 and 1.25 times stiffer, respectively, than the results obtained in the sagittal plane. These differences were similar for the DFS ͑Fig. 6͑a͒͒ and the SR tests ͑Figs. 6͑b͒ and 6͑c͒͒. The variation caused by anisotropy within the planes was found to increase with increasing strain for SR tests, whereas it was found to decrease with increasing frequency for DFS tests. Standard deviations for these tests were found to be up to 26%.
Effect of Compression Prior to Shear Measurements.
The results of DFS and SR tests with different amounts of precompression are given in Fig. 7 . From these results, it is visible that the response in shear stiffens with decreasing gap, with increasing precompression force. The differences caused by different precompression forces are summarized in Table 4 . In the case of DFS tests, for a precompression force of 10 mN the stress response is 11.6% ͑f = 10 Hz͒ to 21.5% ͑f = 1 Hz͒ stiffer, than for a precompression force of 5 mN. The difference was decreasing with increasing frequencies. For the SR tests with a precompression force of 10 mN, the response is 12.5% ͑during loading͒ to 18.5% ͑after relaxation͒ stiffer, than for a precompression force of 5 mN. The difference was higher after relaxation than during the loading phase. Moreover, during the loading part of the SR tests, the differences were independent of strain. 
Discussion and Conclusions
The constitutive properties of soft tissues as obtained in mechanical characterization experiments are particularly sensitive to a number of experimental conditions. In this study, the influence of some of these conditions has been investigated by keeping all other conditions unchanged. In particular, the consequences of differences in temperature, material anisotropy, and the chosen amount of precompression in shear measurements have been investigated.
Effect of Temperature. Mechanical test results of brain tissue have been shown to be clearly temperature dependent and can be scaled by a horizontal shift factor a T and a negligible vertical shift factor b T . There is only one study ͓46͔ where the results were found to be independent of temperature. Current results compared well to results previously published by Peters et al. ͓41͔, Brands et al. ͓31͔, and Shen et al. ͓39͔ ͑see Table 5͒ . Data measured at room temperature are recommended to be shifted by a horizontal factor of a T = 8.5-11 to obtain the values representative for body temperature. Because the vertical factor b T is close to 1, no vertical shift is required.
Differences Caused by Anisotropy. Anisotropy of brain tissue can also play a role in results of mechanical tests. In the current study, the average differences between the maximum and minimum found within the testing plane from DFS and SR tests are 
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Transactions of the ASME 25-40% and 32-54%, respectively. The ratios between the results from the coronal/sagittal and transverse/sagittal planes were approximately 1.3, whereas the results from the coronal and transverse planes were statistically indistinguishable. There have been only a few studies investigating the mechanical anisotropy of brain tissue. Arbogast et al. ͓21,22͔ tested the anisotropy of the brainstem in 2.5% strain DFS tests in three different orientations and found differences to be up to 30%. Prange et al. ͓17͔ identified the anisotropy of brain tissue at large strains ͑up to 50%͒ from ͑translational͒ shear experiments on white matter samples from the corona radiata. They have found a ratio of 1.35-1.5 between the two preferred directions in the sagittal plane. This compares well to results obtained within each plane ͑1.4-1.54͒ in the current study. On contrary, Nicolle et al. ͓19,20͔ studied anisotropy within the corona radiata ͑white matter͒ in three planes but did not find any statistical difference between the results. However, since this conclusion does not exclude the possibility of anisotropy, it is not necessarily in disagreement with the current observations. Effect of Compression Prior to Shear Measurements. When sandpaper is used to prevent slip in shear experiments, samples should be compressed prior to testing. This can be avoided by gluing the sample to the plates. However, in that case, the thickness of the glue layer is unknown and therefore the real height of the sample is unknown. As a consequence, also in the case of glue, the sample is often uniaxially loaded prior to shear measurements. The amount of precompression was found to significantly affect the mechanical properties obtained in shear measurements. Although a sufficient amount of precompression is required to prevent the occurrence of slip in subsequent shear measurements, an increasing amount of compression force will yield the deformation state to be a combination of shear and compression rather than pure shear. Furthermore, the friction created between the sample and the plate will lead to a nonhomogeneous state with an enlarged cross-sectional area in the middle plane of the sample. The dependence of the shear properties obtained from the measurement on the amount of precompression results from a combination of these effects, all leading to an increasing apparent shear modulus with increasing precompression. In the current study, a 20% increase of the shear modulus observed was found when increasing the precompression force from 5 mN to 10 mN. On contrary, Nicolle et al. ͓20͔ have found a 24% decrease of shear modulus in the linear range with precompression increasing from 1% to 3%.
Additionally, the effect of postmortem time has been studied already in our group for comparable conditions as in the current study ͓34͔. An increase of approximately 27 Pa/ h was found for moduli measured at a strain of 4.5% for tests exceeding the threshold time of 6 h postmortem. The postmortem time, sample preparation, and mechanical history of the tissue were highlighted as important aspects for interpreting the results of mechanical characterization studies on brain tissue. Because of availability and the possibility to test at relatively short postmortem times, porcine brains were used in this work. Porcine brain tissue has been used in many previous studies on the mechanical properties of brain tissue as well ͑see Table 1͒ . Although differences between human and porcine brain tissue do exist, these differences are considered to be small compared to differences due to the effect of postmortem time ͓17͔. Furthermore, the donor animals used in this study were not full grown ͑approximately six months͒. However, the composition ͑water content, DNA-P level, cholesterol͒ of porcine brain tissue has been found to significantly change only during the first four months ͓47͔. Therefore, the mechanical properties of this material can be considered to remain unchanged after this age.
The considerable differences in mechanical properties as reported in literature may be caused by variations in the material tested, test conditions, testing protocols, and by other reasons. Generally, a combination of all these experimental aspects will determine the mechanical properties measured. Therefore, in experimental studies aimed at determining the mechanical behavior of soft tissues such as brain tissue, the experimental conditions should be carefully controlled and documented. In this study, the effect of some of these aspects was systematically investigated by using otherwise consistent conditions, which can be considered as a step toward obtaining a consistent data set describing the mechanical properties of brain tissue. However, notice that the spread in absolute values of comparable results ͑see Figs. 1 and 8͒ from these studies is in the order of two decades, much more than the variation found due to the anisotropy, postmortem time, temperature, and precompression.
The data available in literature were divided into groups depending on the type of experiment. An overview of measurements in shear deformation is given in Table 6, whereas Table 7 includes measurements in uniaxial deformation.
In general, dynamic tests were done by applying an oscillatory sinusoidal strain with a certain amplitude with or without varying the strain/frequency. Note that the linear viscoelastic properties should be determined from dynamic tests in the linear regime, which was found to be limited to 1% shear strain by Brands et al. ͓30͔ and Nicolle et al. ͓19͔ . Dynamic tests include also free vibration experiments. Constant strain rate tests consist of loading the sample by keeping a constant strain rate up to a certain strain Transactions of the ASME level. SR tests, the subsequent relaxation of the mechanical response is measured. Creep test were done by applying a certain load on the sample and recording the strain response. 
